I. INTRODUCTION
Complex states of matter result from simple interactions which give rise to emergent properties appearing greater than the sum of their parts. There are many examples of such emergent phenomena from macroscopic systems, such as the flocking of birds, to quantum scale systems, such as superconductivity 1-3 , spin liquids 4 , spin ice systems 5 , and heavy fermions [6] [7] [8] [9] [10] . In solid-state materials, utilizing the geometry of the crystal lattice to force a degenerate classical magnetic ground state ("geometrically frustrated magnetism (GFM)" 11 ) is a powerful approach to designing emergent quantum states. It has been proposed that GFM could possibly result in superconductivity via doping the resonating valence-bond state 12, 13 , be used as materials for quantum computing 14 , and harbor exciting low-temperature physics near quantum phase transitions 15 .
GFM materials usually have single ions as the magnetic building block on frustrated topologies such as triangular lattices 16 , kagome lattices 17, 18 , or corner-sharing tetrahedra 19 . LiZn 2 Mo 3 O 8 has a structure built by stacking two-dimensional triangular layers of Mo 3 O 13 clusters 20 . Each Mo 3 O 13 cluster, or "molecule", has a single unpaired electron and is expected to act as a S = 1/2 unit, similar to organic molecular magnet systems 21 . Due to the small distance between Mo 3 O 13 clusters via oxo bridges, there are strong inter-cluster superexchange interactions. A recent report 20 suggested that LiZn 2 Mo 3 O 8 thus represents an ideal geometrically frustrated triangular lattice antiferromagnetic system in which there is the formation of a condensed valence-bond state, where the formation of resonating valence bonds coexists with remnant paramagnetic spins, when cooled below T~100 K.
Here we report microwave and terahertz range electron spin resonance (ESR), 7 Li solid state nuclear magnetic resonance (NMR), and muon spin rotation (µSR) spectroscopies of LiZn 2 Mo 3 O 8 .
The results of these local-probe measurements show that each Mo 3 O 13 cluster in fact behaves as a well localized S = 1/2 magnetic unit. Further, NMR and µSR measurements show a slowing of spin fluctuations yet no evidence for static magnetic order down to T~0.07 K and are instead consistent with a gapless spin excitation spectrum expected for a resonating valence-bond state. 
II. RESULTS

ESR
LiZn 2 Mo 3 O 8 powder was synthesized as previously reported 20 . ESR measurements were performed at the National High Magnetic Field Laboratory (NHMFL) at Los Alamos National Laboratory (LANL) at temperatures from T = 1.7 K to T = 120 K in the frequency range of v = 11 GHz to v = 40 GHz. Fields up to µ o H = 15 T were investigated, but only one resonance peak was observed, below µ o H = 2 T. The sample microwave absorption was measured using a millimeter wave vector network analyzer manufactured by abmm and a custom-built, appropriately sized resonant cavity. The ESR spectra were measured using cavity perturbation techniques. The signal intensity from the sample cavity of the GHz measurements agree with the number of spins expected for thẽ 1.0 mg sample of LiZn 2 Mo 3 O 8 measured, assuming one unpaired spin per Mo 3 O 13 cluster, and is too large to originate from paramagnetic impurity spins. Terahertz-range ESR was measured at JHU on a home-built transmission-based time domain THz spectrometer using a helium cryostat at temperatures from T = 5 K to T = 180 K in the field range µ o H = 5.5 T to µ o H = 7 T using a crossed polarizer geometry 22 .
A single resonance peak is observed, centered at g = 1.9, and is persistent up to T = 80 K in the THz data with a smoothly decreasing intensity but no change in resonant frequency. The results at T = 5 K (THz) and T = 1.7 K (GHz) are shown in Fig. 1 (a) and 1 (b) , respectively. The observed g-factor, extracted from a fit of the frequency dependence on applied field, Fig. 1 (c) , is consistent with that expected for a S = 1/2 spin (g = 2.0) and implies minimal orbital contributions. The y-intercept of the g-factor plot is zero, indicative of a lack of a zero field gap. The combined ESR measurements place a strong constraint on possible g-tensor anisotropy 23 , assuming additional resonances corresponding to anisotropic g-factor values are convoluted within the observed peak, or are outside the frequency/field range probed. By estimating the peak positions and resonance values, the g-factors are then constrained to 0.86 ≤ g 1 /g 2 ≤ 1.15 if the observed peak is a convolution of two resonances or g 1 /g 2 ≤ 0.02 if g 2 = 1.9 and an additional resonance lies above the field range measured. The observed peak being a convolution of two peaks is further unlikely as the powder spectrum (angular average) of a system with approximately uniaxial symmetry (g and g ⊥ ) will have an asymmetric line shape for even small anisotropies, such as in some copper systems 24 . These data demonstrate that the magnetism in LiZn 2 Mo 3 O 8 arises from a single, isotropic S = 1/2 magnetic electron per cluster in a totally symmetric (A 1 ) orbital, which is delo- being in a unique magnetic environment. Alternatively, the 'c' peak could originate from a nuclear spin 3/2 to 1/2 satellite transition, offset from the main peak 'a' by a quadrupolar interaction.
The 'd' peak has a comparatively large frequency shift that merges with the main peak 'a' as the temperature of the sample is lowered. The spin-lattice relaxation rate ((T 1 ) −1 ) as a function of temperature for each peak is shown in Fig. 2 (c) . The large relaxation rate of the 'd' peak is consistent with thermally activated mobile Li atoms (E a = 372(26) K) at room temperature that freeze out upon cooling, in agreement with previously measured heat capacity data 20 . The relaxation rate for the 'a' site remains approximately constant upon cooling until T~100 K, then peaks and drops sightly as T approaches zero. The low temperature behavior of the relaxation rate indicates the slowing of spin fluctuations and the formation of short range spin correlations.
The (T 1 ) −1 measurements agree with bulk magnetic measurements and show that LiZn 2 Mo 3 O 8 does not approach any long-range magnetic ordering, as (T 1 ) −1 would diverge approaching order.
Because of the 7 Li NMR frequency (∼ 88.7 MHz), only the low frequency component of spin fluctuations are detected. The bump in the rate of the 'a' and 'b' sites is most likely due to the merging of the 'd' site intensity and is not intrinsic to those Li sites. As can be seen from the data in Fig. 2 (b) , the 'b' peak is on the higher frequency side of the main peak 'a'. The relaxation rate in Fig. 2 (c) shows a maxima in peak 'b' at T~90 K, compared to T~70 K in peak 'a'. If this were due to a structural distortion, then the maxima in the relaxation rate for peaks 'a' and 'b' would occur at the same temperature. Unfortunately, the LiZn 2 Mo 3 O 8 powder 7 Li NMR FFT lineshapes are too broad (due to powder averaging) to accurately measure the temperature dependence of the knight shift at low temperatures. A close look at the NMR FFT lineshapes, however, reveals a lack of any signature of a split off peak, which would indicate the low temperature bulk susceptibility is dominated by impurity spins, as is the case in other systems 25 . This suggests that the signal from the bulk magnetization measurements is intrinsic to the Mo 3 O 8 magnetic layers in LiZn 2 Mo 3 O 8 . average muon spin polarization P z (t), which can be inferred 26, 27 via the asymmetry in the angular distribution of emitted decay positrons, parameterized by an asymmetry function A(t) proportional to P z (t). The intrinsic low spin-density in this material, due to the cluster-magnet structure, makes it attractive to study using µSR at a pulsed source since the internal electronic fields are expected to be relatively small in comparison with other geometrically frustrated materials, particularly those based on rare earth ions. µSR is known to be very sensitive to the properties of frustrated systems or those with spin liquid ground states 28 , as well as magnetic systems with very small ordered moments 29, 30 . Example µSR spectra measured on a sample of LiZn 2 Mo 3 O 8 are presented in Fig. 3 (a) and (b) . The zero-field data are characteristic of weak static moments which are nuclear in origin. The data can be fit by a Kubo-Toyabe relaxation function 31, 32 which models the effect on the muon of a static, random field distribution, multiplied by a slowly-relaxing exponential.
The longitudinal Kubo-Toyabe function used in the analysis is given by
where ω = γ µ B ext and B ext is the applied longitudinal magnetic field. The data are fit by the function A(t) = A 1 G KT (t, B ext )e −λt + A 0 , where A 0 represents muons stopped in the sample holder and A 1 is the amplitude of the asymmetry from the sample. This function is parameterized by a variable ∆, the second moment of the field distribution. Fig. 3 (c) shows the fitted ∆ as a function of temperature and it does not change, supporting the hypothesis of nuclear moments. These data thus demonstrate that no static electronic moments freeze out down to T = 0.07 K.
Application of a longitudinal field partially quenches the relaxation. If the observed behavior were only due to nuclear relaxation, then a field of order µ o H = 0.01 T should be sufficient to completely quench it. The expected behavior if there was only nuclear relaxation is indicated by the dashed lines in Fig. 3 (b) . Interestingly, there remains a significant relaxation even in a longitudinal field of µ o H = 0.2 T, the maximum field available on this spectrometer. In fact, the unquenched relaxation observed at µ o H = 0.01 T, which is very similar to that observed at µ o H = 0.2 T, is most likely the result of slowly fluctuating electronic spins, which fluctuate all the way down to
The temperature dependence of this unquenched relaxation rate λ at µ o H = 0.01 T is shown in Fig. 3 (d) . Clearly, there is a significant relaxation persisting at all temperatures, indicative of electronic spin fluctuations with dynamics not set by a thermal scale. There is, however, no signature of the valence-bond condensation at T~100 K that was inferred from bulk magnetic susceptibility and heat capacity measurements 20 . Rather than indicating the absence of valencebond condensation, it is possible that the lack of a change at T~100 K is due to the changes in the The bulk susceptibility divided by NMR (T 1 T ) −1 and µSR λ · T 1 , a measure of relaxation rate as compared to inelastic neutron scattering data 33 . The data show a slowing of spin fluctuations as the temperature is lowered, in agreement with the electron spin relaxation rate (Γ) extracted from inelastic neutron scattering (blue diamonds). The red line is a guide to the eye. The error bars on the µSR data were calculated by propagating errors on both the bulk susceptibility and µSR datasets. to the local dynamical spin susceptibility since
where A(q) is the appropriate wave vector dependent form factor for NMR 36 or µSR, ω o is the NMR or µSR frequency, and χ"(q, ω o ) is the imaginary part of the dynamical electron spin susceptibility. Fig. 4 (a) shows λ · T −1 (µSR) and (T 1 T ) −1 (NMR) scaled for comparison to the bulk magnetic susceptibility. These data show, consistent with the bulk susceptibility, that the local magnetism in LiZn 2 Mo 3 O 8 is fluctuating at all accessible temperatures, with an increase in short-range spin-spin correlations, and reduction in the electron spin fluctuation rate, as the temperature is lowered. The discernible deviation or bump of (T 1 T ) −1 and λ · T −1 in the range 50 K < T < 100 K is likely due to the freezing of lithium ions. For NMR, this bump originates from the merging of the 'd' (mobile lithium) peak with the main NMR peak 'a' as the lithium ions freeze. The bump in the µSR data is due to changes in µ + ion diffusion as the lithium ions freeze, as is well known other systems with mobile lithium ions [37] [38] [39] [40] . More importantly, the trend of in-creasing (T 1 T ) −1 as T approaches zero indicates the onset of short-range spin correlations that do not have a gap in the excitation spectrum. This is in agreement with the dynamical susceptibility extracted from inelastic neutron scattering 33 , which shows an increase as the temperature is lowered and was suggestive of gapless spin excitations. Fig. 4 (b) shows previously reported 20 bulk susceptibility divided by the µSR (λ · T −1 ) and NMR (T 1 T ) −1 which demonstrates the slowing of spin fluctuations as the temperature is lowered. A fit of χ"(E) to the momentum averaged neutron data yields the relaxation response (from Ref. 33 )
where Γ is the electron spin relaxation rate and χ ′ is the Q-average of the real part of the dynamical susceptibility at E = 0. The NMR and µSR relaxation rate data can be compared to the Γ energy scale by λ
in the limit of E → 0. This implies that
allowing us to directly compare the µSR, NMR, and inelastic neutron scattering relaxation rates, assuming χ ′ (Q) → χ DC (Q = 0) (i.e. no strong form factor effects). As can be seen in Fig. 4 (b der originates from a collective interacting S = 1/2 cluster-magnet system. The cluster-delocalized nature of the magnetic electron may also act, among additional interactions, as an energetic destabilization of long-range magnetic order (see Fig. 5 ).
The antiferromagnetic interactions between cluster spins is mediated by superexchange through
Mo-O-Mo oxo-bridges, with the triangular arrangement of clusters in the Mo 3 O 8 layers yielding the frustrated magnetic state. The NMR and µSR data show that, as the temperature approaches T = 0, the respective relaxation rates decrease, instead of increasing as would be expected if approaching a long-range ordered magnetic state 42 . Comparison to bulk neutron data in Fig. 4 (b) shows that both bulk and local measurements show slowing spin fluctuations as the temperature is lowered. Remarkably, the spin fluctuations slow by a factor of ∼ 4 from T~300 K to T~4 K, which is a low rate of slowing. This is consistent with a spin-frustrated system where the spin-spin correlation length (ξ) does not grow much as the temperature is lowered. The spin correlation length is related to the relaxation rate Γ by Γ ∼ ξ −z , where z is the dynamical exponent. In 13 cluster plays an intricate role, pushing the system closer to the delocalized limit (where the additional degree of freedom and kinetic energy gain of delocalization promotes spin dynamics over spin ordering, see Fig. 5 ), which is known to result in valence bond states 35 .
However, the possibility of longer than nearest neighbor interactions or other effects such as ring exchange 50 
